Estimates of postnatal growth rates and age based on data collected from free-ranging little brown myotis (Myotis lucifugus) captured sequentially at the same colony in the same year were used to compare longitudinal (mark-recapture) and cross-sectional (grab) sampling methods. Analyses of these data indicate that cross-sectional sampling significantly underestimates growth rates for length of forearm, body mass, and length of epiphyseal gap. Equations based on cross-sectional samples significantly overestimated ages of young, as compared with equations based on the longitudinal method. These results support the hypothesis that cross-sectional sampling is unreliable for deriving postnatal growth curves for free-ranging bats and emphasize the importance of using longitudinal data to derive growth rates and estimates of age during the postnatal period.
The postnatal growth period is when a young mammal develops appropriate sensory and locomotor skills necessary to become independent of its mother. Reliable estimates of postnatal growth rates and age in bats are essential for characterizing the physiological, ecological, and behaviorial changes that occur during the postnatal period (Hoying and Kunz 1998; Isaac and Marimuthu 1996; Kunz and Anthony 1996; Moss et al. 1997; Papidimitriou et al. 1996; Powers et al. 1991; Stern et al. 1997a Stern et al. , 1997b . Empirical and analytical methods employed and equations and parameters chosen to derive growth rates can each influence interpretations and conclusions. Published studies on postnatal growth in bats have included both captive and free-ranging animals (Kunz and Stern 1995; Kunz and Hood 2000; Orr 1970; Tuttle and Stevenson 1982) , and a variety of * Correspondent: kunz@bu.edu different sampling and analytical methods have been used.
The 2 most common methods used to assess postnatal growth in free-ranging bats are based on longitudinal (mark-recapture) sampling of individuals of known age (Burnett and Kunz 1982; De Paz 1986; Isaac and Marimuthu 1996; Kunz and Anthony 1982; Stern and Kunz 1998 ) and cross-sectional (grab) sampling (Dwyer 1963; Medway 1972; Pagels and Jones 1974; Short 1961; Stangl et al. 1996 ; Thomas and Marshall 1984; Yokoyama et al. 1979) . Longitudinal sampling involves identifying day-old young, based on presence of an umbilical cord (Kunz 1973) , and subsequently recapturing and measuring body mass or linear dimensions of individuals throughout the postnatal growth period. Cross-sectional sampling establishes date of capture as the independent variable and assumes that average increases in body mass or linear dimensions of individ-uals sampled on different dates can be used to characterize postnatal growth.
Body mass, length of forearm, and length of the 4th metacarpal-phalangeal cartilages (hereinafter referred to as length of epiphyseal gap) are easily quantified and have become variables of choice in studies of postnatal growth in captive and free-ranging bat populations (Boyd and Myhill 1987; Burnett and Kunz 1982; De Fanis and Jones 1995; De Paz 1986; Hoying and Kunz 1998; Hughes et al. 1995; Kunz 1987; Kunz and Anthony 1982; Stern and Kunz 1998) . Length of forearm is the most accurately measured and reliable character for estimating age during the early linear growth period in bats, whereas length of the epiphyseal gap is best for estimating age in later stages of postnatal growth (Burnett and Kunz 1982; De Paz 1986; Hoying and Kunz 1998; Isaac and Marimuthu 1996; Kunz and Anthony 1982; Stern and Kunz 1998) . Body mass is an important variable for making intraspecific and interspecific comparisons of postnatal rates of growth (Kunz and Stern 1995) , but because this trait is highly sensitive to variation in nutritional intake, energy expenditure, and daily water flux, it is less valuable for estimating age of growing bats (Hoying and Kunz 1998; Stern and Kunz 1998) .
Few studies have included consideration of apparent differences in growth rates derived from longitudinal and cross-sectional sampling methods. Some investigators have tacitly or explicitly assumed that postnatal growth can be assessed accurately using cross-sectional sampling (Dwyer 1963; Pagels and Jones 1974; Short 1961; Stangl et al. 1996; Thomas and Marshall 1984; Yokoyama et al. 1979) . For example, inspection of growth trajectories reported for the Brazilian free-tailed bat, Tadarida brasiliensis, based on cross-sectional (Short 1961) and longitudinal samples, indicates that growth rates derived from the former method are slower than those based on the latter method. Tuttle (1975) used data from cross-sectional samples to compare growth rates of Myotis grisescens from several maternity colonies. Most of his estimates of postnatal growth rates were derived from cross-sectional samples but were ''corrected'' using markrecapture data collected independently from a single colony. Using these corrected growth rates, Tuttle assumed that growth rates observed among different colonies reflected variation in size of colony and thermal environments of cave roosts. More recently, Stangl et al. (1996) reported growth rates of Lasiurus borealis by regressing size against date of capture and concluded that rates were similar in magnitude to those reported for other vespertilionid bats based on mark-recapture data, although no quantitative comparisons were made.
Our study was designed to test the hypothesis that longitudinal and cross-sectional sampling methods yield different growth trajectories. We concurrently collected independent data from cohorts of the little brown myotis, M. lucifugus, born in a single maternity colony in the same year using both longitudinal and cross-sectional sampling methods. We predicted that the crosssectional sampling method would underestimate growth rates and overestimate age compared with longitudinal sampling.
MATERIALS AND METHODS
Myotis lucifugus is widely distributed throughout North America (Fenton and Barclay 1980) . In New England, females depart from hibernacula in late April and early May to form maternity colonies, mostly in man-made structures such as barns and houses, that may number from a few hundred up to several thousand individuals. Males usually roost alone during summer and generally inhabit cooler places, sometimes in the same buildings as maternity colonies. Mothers and their young typically roost in clusters in the darkest regions of attics, in small wooden crevices, adjacent to brick chimneys, and along ridgepoles.
Each female typically gives birth to 1 young during a 3-4-week period from mid-June to early July. Young are suckled for 3-4 weeks , after which they begin to forage on insects and become independent of their mothers (Anthony and Kunz 1977; Kunz and Anthony 1996) . Beginning in August, adults and volant young disperse to swarming sites where they accumulate fat reserves to sustain mating and hibernation (Davis and Hitchcock 1965; .
Our study was conducted 13 June-1 August 1994 at a maternity colony of about 1,000 adult M. lucifugus located in the attic of a private residence in Canaan, Grafton County, New Hampshire. Members of this colony usually roosted in the darkest parts of the attic, including spaces along the ridgepole and within crevices between rafters. Daytime temperatures in maternity roosts were 30-35ЊC, and nighttime temperatures in these roosts averaged 25ЊC. To minimize disturbance, young bats usually were collected by hand after mothers departed the roost at dusk. Individual young were placed in nylon-mesh holding bags and transported to an adjacent floor of the building where they were marked and measured.
Young from both longitudinal and cross-sectional samples were collected during each visit to the site. Visits were made every 3-4 days during the parturition period, 13 June-1 July, and weekly visits were made thereafter until all young were volant (late July). The number of young captured during each visit ranged from 1 to 75, but the average was about 20. During 13 June-21 July, young were collected from roosting sites in the attic following emergence of adults at dusk (2100-2145 h EDT). Before adults began returning to their roosts following an initial nightly feeding bout, we returned young to their original site of capture (usually by 2330 h). The number of young captured on a given date decreased in mid-July because volant and nearly volant individuals became increasingly mobile and often were difficult to capture. Beginning in early July, roosting sites also were searched for young between 0300 and 0400 h (during the 2nd feeding bout) to ensure an adequate sample size of marked individuals for analysis. By mid-July, when most young had become volant, some individuals were captured in late afternoon, usually at 1600-1630 h to ensure that volant young were included in our samples.
For cross-sectional sampling, we captured all accessible young to avoid bias in selecting individuals by size (or age). To facilitate recaptures of marked young, each accessible crevice was examined for newly born and previously banded individuals. Neonates typically were pink, hairless, and less mobile than others, making them relatively easy to identify and capture. The major criterion for assigning day-old status to young was based on presence or absence of an umbilical cord (Kunz 1973) . We used a combination of other criteria to determine day-old status, including length of forearm Ͻ15 mm, body mass Ͻ2.35 g, length of epiphyseal gap Ͻ12.5 mm, absence of conspicuous pelage, and closed eyes.
Day-old young were banded on their forearms with a uniquely numbered plastic split-ring band (size 2B, A. C. Hughes, Ltd., Hampton Hill, Middlesex, United Kingdom); males were banded on the right forearm and females were banded on the left. Sex was determined, and lengths of right and left forearms were measured to the nearest 0.1 mm using dial calipers. Body mass was measured to the nearest 0.01 g using a portable electronic balance (Model CT-200, Ohaus Corporation, Florham Park, New Jersey). Length of epiphyseal gap for both wings was quantified by first transilluminating each wing on the stage of a stereo-zoom dissecting microscope (Kunz and Anthony 1982) . One eyepiece of the microscope was fitted with an ocular micrometer to facilitate measurement of the epiphyseal gap to the nearest 0.1 mm. All bats were returned to their roosts following data collection, usually within 1-2 h of capture.
Because empirical growth curves for crosssectional and longitudinal sampling methods are curvilinear (i.e., they do not fit a simple linear model) for all growth variables, we used the linear region of the curves for statistical analyses. We determined the linear region of growth curves by inspection and from previously published growth curves reported for M. lucifugus (Kunz and Anthony 1982) . Although a linear model may not be the best description for the linear region of the data, we used it because it is the most parsimonious method for comparing the 2 sampling methods. We were not concerned with fully describing growth parameters in relation to age but rather in comparing 2 sampling methods for estimating growth rates. The coefficient of determination (r 2 ) from simple linear regressions of the linear regions of the longitudinal sampling method was high (Ն0.80; Table TABLE 1 For each growth variable, we compared the 2 sampling methods using 2 regression analyses and the generalized estimating-equation model. It was necessary to account for pseudoreplication because longitudinal samples (mark-recapture data) sometimes included multiple observations of the same individual. In our study, some individuals were captured up to 5 times during the linear growth period. Moreover, because all young were not of the same age, a traditional repeated-measures design could not be used. Instead, we used a generalized estimating-equation model that was based on an iterative procedure to estimate regression coefficients and P-values (Zeger and Liang 1986 ) while accounting for correlations among observations on the same individuals.
To determine if and how the 2 sampling methods differed, each regression model included Julian date or age as a covariate, each sampling method coded as a 0 or 1 dummy variable (i.e., group variable), and an interaction term (age by group- Kleinbaum et al. 1988 ). For each regression model, we used the partial F-statistic for the interaction term to compare slopes describing growth rates derived from the 2 sampling methods and the partial F-statistic for the group term to test for equal intercepts when comparing estimated size at day 1 (y-intercept) based on the sampling methods. If the partial Fstatistic for the interaction term was significant but that for the group term was not, then the 2 methods were judged to have different slopes but a common y-intercept. If the partial F-statistic for the interaction term was not significant, then the methods were judged to have equal slopes but different y-intercepts. If the partial Fstatistics for both the group term and the interaction term were significant, then the methods were judged to have different slopes and different y-intercepts. Linear regression of the growth parameter against age (or date of capture) also was performed for each method and each variable. All data were normally distributed. Statistical analyses were performed using SAS (SAS Institute 1990).
RESULTS
Data used for longitudinal and cross-sectional cohorts.-During 13 June-1 July, 111 day-old young were banded; 77 of these had attached umbilical cords, and the remainder had combinations of the other criteria listed above. Twenty-five banded young were captured once, 17 twice, 29 three times, 20 four times, 15 five times, 4 six times, and 1 seven times. A total of 352 unbanded young were captured in grab samples. For analysis of cross-sectional samples, 13 June was considered day 1, the day we first found day-old young in the colony. Decreased recapture rates, as the season progressed, were largely a result of increased mobility and mortality and of loss of bands from the forearms. We found no evidence that banding increased mortality.
Empirical growth curves.-Based on longitudinal and cross-sectional samples, body mass and length of forearm increased in a linear fashion during initial stages of postnatal growth (Figs. 1a and 1b) . However, growth curves based on cross-sectional samples increased more slowly than those based on longitudinal samples for both variables. Length of epiphyseal gap increased during the early postnatal period and subsequently decreased in both cohorts (Fig.  1c) . However, for longitudinal samples, length of epiphyseal gap increased rapidly during the first 11 days of postnatal growth and thereafter generally decreased linearly, with rate of change decreasing slightly as the epiphyseal gap approached closure (Fig.  1c) . For cross-sectional samples, length of epiphyseal gap increased gradually early in the growth period and decreased slowly thereafter (Fig. 1c) . Variation in body mass, length of forearm, and length of epiphyseal gap was greatest in cross-sectional samples (Fig. 1) .
Regression and generalized estimatingequation analyses of growth parameters.-Multiple regression and generalized estimating-equation analyses gave similar results for each variable tested. For body mass and length of forearm, tests for parallelism (interaction term) were significant, but tests for equal intercepts (group term) were not (Table 2) . Thus, growth rates (slopes of variable versus age) differed significantly between sampling methods, but y-intercepts were the same (Figs. 2a and  2b) . The 2 sampling methods yielded the same average measurements for day-old young, but the results subsequently diverged as young aged, with the cross-sectional method yielding lower apparent growth rates for body mass and length of forearm than the longitudinal method. For epiphyseal gap, tests for parallelism and equal intercepts were significant (Table 1) . The y-intercepts and slopes differed, but lines generated from each method did not intersect the age range of interest (Fig. 2c) . For ages 11-32 days, epiphyseal gap was about the same for the cross-sectional sample method, whereas data from longitudinal samples indicated that epiphyseal gap decreased in length.
The assumption of homoscedasticity of variance was violated for cross-sectional data (test of homogeneity of variances, F max test) for body mass (F ϭ 3.43, P Ͻ 0.10) and length of forearm (F ϭ 7.69, P Ͻ 0.05) but not for longitudinal data for body mass (F ϭ 1.05, P Ͼ 0.05) or length of forearm (F ϭ 1.40, P Ͼ 0.05). The amount of variation in body mass and length of forearm that could not be explained by the regression model in the cross-sectional sample (i.e., unexplained residual variation) increased markedly by day 8. For length of epiphyseal gap, residual variation for the regression model based on cross-sectional sample remained constant but was greater than residual variation from the regression model based on longitudinal samples (cross-sectional, F ϭ 1.17, P Ͼ 0.05; longitudinal, F ϭ 1.24, P Ͼ 0.05). The coefficient of multiple determination (R 2 ), a measure of strength of an association between dependent and independent variables, reflects the proportion of variation in the dependent variable explained by the multiple regression model, i.e., the proportion of variation accounted for by the independent variables. Large R 2 -values reflect a reduction in residual variation relative to total variation and a strong association between dependent and independent variables. The R 2 -values were consistently greater for longitudinal data than for cross-sectional data (Table 2) . R 2 -values for the amount of variation in the growth parameter explained by age for longitudinal data were 0.8-0.96, whereas those for cross-sectional samples were 0.01-0.13. Thus, data from the longitudinal sampling method were far more reliable and precise.
Age-predictive equations.-For the first 11 days of postnatal growth, length of forearm was the most precise measurement, whereas length of epiphyseal gap was the most reliable estimator of age in subsequent days (Fig. 1) . A combination of the 2 variables made it possible to predict age of young M. lucifugus based on recapture of marked individuals up to 32 days of age.
To determine whether sampling methods yielded similar estimates of age, we derived age-predictive equations by reversing axes so that age was the dependent variable and the growth parameters (lengths of forearm and epiphyseal gap) were independent variables (Fig. 3) . Because the same linear measurement of the epiphyseal gap could be obtained from bats of different ages and length of epiphyseal gap increased and decreased over the course of postnatal growth (Fig. 1) , age-predictive equations for length of epiphyseal gap were restricted to lengths of forearm Ն33 mm.
For the longtudinal method, linear re- gression equations for age on length of forearm and age on length of epiphyseal gap were as follows: age (days) ϭ Ϫ8.0 ϩ 0.6(length of forearm) (r 2 ϭ 0.96, P Ͻ 0.001) and age (days) ϭ 35.9 Ϫ 6.7(length of epiphyseal gap) (r 2 ϭ 0.81, P Ͻ 0.001).
For the cross-sectional (grab) sample method, linear regression equations for age on length of forearm and age on length of epiphyseal gap were as follows: age (days) ϭ 5.3 ϩ 0.2(length of forearm) (r 2 ϭ 0.07, P ϭ 0.003) and age (days) ϭ 27.8 Ϫ 1.0(length of epiphyseal gap) (r 2 ϭ 0.01, P ϭ 0.217).
Analyses based on the generalized estimating-equation were performed with length of forearm and length of epiphyseal gap as independent variables (keeping the group variable and the interaction term as independent variables) and age as a dependent variable. Based on these analyses, there were significant differences between the 2 sampling methods for length of forearm and length of epiphyseal gap.
Ninety percent prediction intervals were calculated to quantify the error in estimating an individual's age for each growth parameter. Predicted age for a bat with a 22-mm length of forearm was 4-6 days based on the equation derived from longitudinal samples and 6-12 days based on the equation from cross-sectional samples. Predicted age of a bat with a 30-mm length of forearm was 9-11 days based on the equation from longitudinal samples and 8-14 days based on the equation from cross-sectional samples. Thus, when length of forearm measurements are used to predict age of bats, the equation based on cross-sectional samples tended to overestimate age. When length of epiphyseal gap was used to predict age of bats, the equation based on cross-sectional samples also overestimated age. Predicted age of a bat with a 3-mm epiphyseal gap was 12-20 days based on the equation from longitudinal samples and 15-35 days based on the equation from cross-sectional samples.
DISCUSSION
The results of our study demonstrate an important discrepancy between cross-sectional (grab) and longitudinal (mark-recapture) methods in characterizing linear portions of postnatal growth and for estimating age in free-ranging bats. We found marked differences between longitudinal and crosssectional sampling methods for describing linear segments of postnatal growth in body mass and length of forearm in M. lucifugus (Table 1) . Equations derived from crosssectional samples consistently underestimated growth rates of bats and overestimated ages compared with equations based on longitudinal samples.
Longitudinal and cross-sectional capture methods produced the same results for length of forearm and body mass of neonates, but as young became older, the 2 growth curves diverged (Figs. 1a and 1b) . The longitudinal sampling method, however, is more precise (greater R 2 ) than the cross-sectional sampling method, in part because the former method reflects the incremental growth of individuals (Table 2) . Cross-sectional samples reflect an increasingly wide range of ages, and estimated rates of postnatal growth were lower than those derived from longitudinal samples. Although growth rates of individually marked bats also show variation with increasing age, this variation mostly reflects differences among individuals of the same age (Hoying and Kunz 1998) , whereas cross-sectional samples reflect differences based on individuals of different ages captured on the same date. In our effort to capture young bats for both cross-sectional and longitudinal samples, we found that the youngest were easiest to capture and the oldest were the most elusive. Because older individuals were more likely to escape our capture efforts, cross-sectional sampling may have been biased toward younger individuals, contributing to the lower derived rates of growth.
Age-predictive equations are valuable for making interspecific and intraspecific comparisons of postnatal growth in bats when longitudinal samples are used (Hoying and Kunz 1998; . However, when cross-sectional samples are used, ages of young are overestimated. Based on results from the present study, we conclude that equations based on cross-sectional data should not be used for making intraspecific or interspecific comparisons of postnatal growth in bats or for predicting ages of individuals sampled in behavioral, morphological, or physiological studies.
Efforts should be made to recapture marked individuals throughout the postnatal growth period to yield the most valuable age-predictive equations. Kunz and Anthony (1982) used length of forearm for the first 11 days and length of the epiphyseal gap of the 4th metacarpal-phalangeal joint for days 11-29 to estimate age in M. lucifugus. In our study, higher recapture success of older individuals made it possible to extend the range of age-prediction estimates up to 32 days for this species. Al-though our age-predictive equations were less precise than those reported by Kunz and Anthony (1982) , we were able to extend their equation for predicting age by Ն5 days. A few bats were recaptured Յ37 days after birth (Fig. 1c) , but we excluded these data from linear regression analysis for estimating age because rates of change were no longer linear. In future studies, efforts should be made to extend the recapture rates of known-age young after they become volant to test the hypothesis that changes in length of epiphyseal gap are indeed nonlinear.
Although several researchers have used cross-sectional samples to describe postnatal growth in free-ranging bats (Pagels and Jones 1974; Short 1961; Stangl et al. 1996; Thomas and Marshall 1984; Tuttle 1975; Yokoyama et al. 1979) , we question the reliability of this sampling method. The longitudinal sampling method produces growth rates that are greater (and yield more realistic equations for predicting age) than those derived from cross-sectional sampling. Our findings can be generalized to other species of bats and suggest that growth rates and age estimates derived from cross-sectional sampling should be avoided.
